Hybrid nanostructures are often composed of inorganic parts and biological ones.
Introduction
Hybrid nanostructures, studied vigorously due to their possible applications in new generation solar cells, are often composed of inorganic and biological parts. Light harvesting proteins present in photosystems of plants were highly optimized through million years of evolution and are hard to mimic synthetically. Therefore, selected crucial elements from these systems are being tested in experimental hybrid structures in order to improve charge separation properties [1] . In search for new types of photovoltaic cells peridininchlorophyll aprotein from algae (Dinoagellate) Amphidinium carterae (PCP) is often discussed as one of the most promising light harvesting proteins [2, 3] . PCP has a wide absorption spectrum (420550 nm), optimized for sunlight. The solved crystal structure reveals a modular, trimeric organization of the complex [2] . Each monomeric subunit is composed of pigments grouped in two clusters (sub-monomers) related by a pseudosymmetry and encompassed by a protein environment. Each sub-monomeric cluster has one chlorophyll a (Chl a) surrounded by close-lying four carotenoids peridinins (Per, see Fig. 1 ).
Spectral properties of PCP have been studied [4, 5] , the data indicate that a fast energy transfer from peridinin S1/ICT excited state to Chl a Q y excited state takes place. The role of peridinins is discussed but probably they quench the Chl a triplet states and thus prevent formation of dangerous singlet oxygen species [6] . The * corresponding author; e-mail: wiesiek@fizyka.umk.pl fact that PCP complex may be easily reconstructed from a recombinant protein and pigments [7] greatly enhances application potential of this system. For example, PCP having two dierent chlorophyll ligands (a and b) has been constructed and studied [8] . A good understanding of PCP dynamics is crucial for rational design of variants with desired technological features and good compatibility with quantum dots. In particular ππ interactions PerChl are important in stabilizing the pigment complex [9] . Dynamics should help to understand conformational freedom of pigments in the protein matrix. Moreover, deformations on pigments modify spectral properties of PCP [10] . Inter-pigment interactions in PCP are of great interest as well, pigment position-correlation functions from molecular dynamics (MD) trajectories may help to interpret spectroscopic experiments [11] . Very recently Bonetti et al. studied ultrafast spectra of PCP and determined energy ows in electronically excited states.
It has been found that peridinin molecules play dierent roles: ICT state mainly localizes on Per621/611 and Per623/613, the S1 state on Per622/612 and the triplet state on Per624/614 [12] .
The proteins dynamics is also important from the theoretical point of view, since any calculations of the energy transfer process should take into account natural ex- Hsu [6] . The charge transfer properties of a similar, albeit static system, has been studied quantum-mechanically in the past [13] , but the classical dynamics of PCP, due to its complexity, except for a very recent conference abstract [14] and vibrational analysis of carotenoids [15] , has not been addressed yet.
In order to provide a framework for studies of these dynamical aspects of the protein part of hybrid nanostructures prepared in our institute, we have developed computer models of an individual, functional submonomer of PCP. The CHARMM27 force eld together with home--made parameters for pigments were used to calculate 10 ns MD trajectories of a complex solvated in a water box. Data were generated for the complete PCP model, an apoprotein system and for partially reconstructed PCPs. Unique information on nanosecond dynamics of PCP has been obtained which should help to develop new variants of hybrid structures.
Methods

Parameterization
Since PCP monomer has in its core Chl a and four peridinin chromophores augmented by a large J7Z stabilizing lipid, the straightforward MD simulations using one of standard force elds are not possible. New CHARMM27 compatible parameters for prosthetic groups were therefore developed in this work, using previously established protocols [16, 18] . The parameterization process has begun by an assignment of initial parameters for the se- The temperature was held constant at 300 K and pe-riodic boundary conditions were assumed. The multiple time step method was employed for the integration: time steps of 1 fs for bonded, 2 fs for short-range nonbonded, and 4 fs for long-range electrostatic forces were used. We have run twenty four 10 ns simulations for 8 dierent systems (the total length 240 ns), thus for each system three 10 ns simulations were analyzed.
Results and discussion
The root mean square (rms) data show that PCP models are stable on 10 ns, no systematic deviation is observed, possible long term process do not manifest in our simulations. MD clearly supports the experimental observation that the presence of chromophores (Chl a, Per)
is necessary to fold this protein. Apo-protein is not stable and is much less stable in simulations than the whole PCP complex (Fig. 2) . Fluctuations of residues, dened as:
where r denote positions of atoms from a residue f , are related to the DebyeWaller temperature B-factors
and correlate well with the secondary structure elements stiness (Fig. 3) . (Fig. 3 ) play a role of hinges during reconstruction of PCP system. The folding mechanism of PCP will be studied elsewhere. The energy transfer from Per to Chl a proceeds mainly through S1/ICT Q y singlet states [12] . The distance between a donor and an acceptor molecules aects this process, though in much more complex way than the typical Förster resonance energy transfer mechanism [16] .
Perhaps the exchange mechanism, due to close contacts Table. The largest exibility is observed for Per612, the smallest for Per614. One should remember that these angles take also into account the dynamics of chlorophyll molecule as well. It is tempting to speculate that this perpendicular arrangement of carotenoids in PCP is not accidental and has been established by the evolution in order to minimize PerChl a energy transfer via the Förster mechanism. In this mechanism the transfer rate depends on the orientation factor κ which has its minimum for perpendicular M ab and M em vectors. It has been recently shown that the main donor in PCP is Per611 [7] peridinin. In our MD simulations we observe that this particular ligand exhibits slightly higher Analysis of uctuations (Fig. 2 , and visual inspection of trajectories) leads to interesting observation: the upper part of PCP is more exible than the lower one (see Fig. 1 ). All loops are localized in the upper region.
The presence of J7Z lipid aects dynamics of Per611 and Per612, also located in the upper region. May be this exible part (L1: VAL21-GLN36, L2: VAL73-SER81, L3: ILE114-ASN128) should be exploited to have a more elastic hybrid structure (i.e. nano quantum-dot protein system). If, for some reasons, a more rigid construction is required, the synthetic eort should be directed for the creation of a link in the lower part of the PCP system.
Conclusions
We have shown that a reasonable computer model of PCP (CHARMM 27 force eld) may be constructed. [23] . It has been found that both Chl a and caroteinoids are necessary to stabilize PCP protein.
We plan to perform folding and nanomechanical studies of PCP. The computer model has been prepared for this endeavor.
